Background: the saphenous vein is the most frequently used bypass conduit for vascular reconstructions, which may need to be stored for a prolonged time. the aim of this study was to compare the effect of different preservation solutions on the morphology of saphenous veins during the long-term cold storage. Design: An in vitro study Material and Methods: Saphenous vein samples, collected from 29 patients undergoing varicose vein surgery, were stored at +4°C in (1) 10% formalin, (2) isotonic saline with heparin and antibiotic, (3) phosphate-buffered saline, (4) 2.5% glutaraldehyde + phosphatebuffered saline, and (5) Custodiol (histidine-tryptophan-ketoglutarate). Changes in the vein wall were histologically investigated up to day 35. Possible retention of the capacity of endothelial function was evaluated by immunohistochemical detection of endothelial nitric oxide synthase. Results: formalin as the control medium well preserved the vein wall morphology, but endothelial nitric oxide synthase immunostaining was very weak. Phosphatebuffered saline and isotonic saline with heparin and antibiotic poorly preserved vein wall morphology. Phosphate-buffered saline endothelial nitric oxide synthase staining decreased dramatically throughout the study period. Compared to phosphate-buffered saline, stronger isotonic saline with heparin and antibiotic endothelial nitric oxide synthase staining was noted at day 35 (p < 0.001). Custodiol and glutaraldehyde better preserved vein morphology compared to IShA and PbS at day 5 and later (p < 0.001), but compared to stronger isotonic saline with heparin and antibiotic their endothelial nitric oxide synthase staining was weaker.
Conclusion:
In terms of preserving the morphology of saphenous veins, phosphatebuffered saline and isotonic saline with heparin and antibiotic were the poorest, while Custodiol and glutaraldehyde were the best. demonstrating good retention of endothelial nitric oxide synthase staining throughout the study period, isotonic saline with heparin and antibiotic seems to have the best potential to retain vein wall functionality, despite relatively poor morphological preservation.
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INTrODUCTION
The optimal graft material for infrainguinal bypass is autologous great saphenous vein. However, this vein is unavailable or inadequate in about one-third of the patients (1) . The use of prosthetic grafts has consistently failed to meet the standards of autologous vein graft patency, not only for infrapopliteal reconstructions (2, 3) but also for above-knee femoropopliteal bypass (4, 5) . Thus, the use of a vascular allograft is an attractive alternative for patients without suitable autologous vein. Despite the availability of several preservation methods, for example, cryopreservation, cold storage in saline, or use of various preservation solutions, search for an optimal solution for vessel storage is continuing. Preserving the structural integrity of vessel wall, in particular, the endothelial lining, is very important for the quality and function of preserved vein grafts. It has been reported that even short-term storage of saphenous vein grafts in the physiological saline solution impairs endothelial function (6, 7) . In order to improve long-term outcome, extra constituents are added. In our clinic, venous allografts are preserved in isotonic saline, with the addition of heparin and antibiotics at +4°C for up to 10-15 days (2, 8) . Also, more advanced solutions are suggested, such as the transplantation media Custodiol or HTK (histidine-tryptophane-ketoglutarate) solutions, which have shown good results in preventing endothelial damage of vein grafts preserved over significant time (9) .
Preserving allografts at 4°C causes exfoliation of the endothelial cells and reduces the amount of smooth muscle cells in the medium. The low incidence of graft rejection with the use of venous allografts may be due to the lack of HLA-II antigen expression in the wall of large vessels. The rejection process involves cell-mediated immunity to venous allografts and is not eliminated with low-dose azathioprine. There is also indirect evidence of participation of humoral immunity in venous allograft rejection (8) . Freshly harvested vein with preserved intimal functions is preferred (stored in non-denaturing solutions, for example, isotonic saline with heparin and antibiotic (ISHA), phosphate-buffered saline (PBS), Custodiol) to avoid any toxic reactions in patients caused by denaturing preserving solutions (glutaraldehyde and formalin).
In this study, the effect of different solutions on preservation of the structure of saphenous vein samples from 1 day up to 35 days was compared. In addition, the expression of endothelial nitric oxide synthase (eNOS) was determined by immunohistochemistry at days 1, 14, and 35 to estimate the possible loss of endothelial functionality. Detection of constitutive eNOS has been commonly used to follow possible endothelium-driven functional changes in vein wall as nitric oxide (NO) generated by eNOS is an important marker molecule involved in smooth muscle relaxation (10, 11) .
MATErIAL AND METHODS
Saphenous vein samples were collected from the Department of Vascular Surgery at Tartu University Hospital from 29 patients undergoing saphenectomy with a vein stripper during the period January 2011-March 2012. All patients gave their informed consent. The study was approved by the Ethics review Committee on Human research of the University of Tartu.
A visually healthy, manually dissected proximal part of saphenous vein segments, removed from retained fat, were taken for histological analysis before inserting the vein stripper.
HISTOLOgy
A vein sample from each patient was divided into five parts, which were randomly immersed into one of the following solutions: (1) 10% buffered formalin (SigmaAldrich, germany); (2) isotonic saline solution (0.9% NaCl (B. Braun Melsungen Ag, germany) + 5000 IU heparin (rotexmedica, germany) + antibiotic (penicillin 1 g per 500 mL; Sandoz, germany)); (3) PBS (pH 7.4; gibco Invitrogen, USA); (4) 2.5% glutaraldehyde (Sigma-Aldrich) + PBS; and (5) Custodiol (HTK; Dr. Franz Köhler Chemie gmbH, germany). The samples were stored in the above-mentioned solutions at +4°C and 5-6 mm consecutive transverse sections were cut after 1, 5, 9, 14, 21, 28, and 35 days. The specimens were subsequently embedded in paraffin according to standard methods. The 4-µm-thick sections were stained with hematoxylin-eosin and van gieson for light microscopic examinations. Pathomorphological changes in vein wall were estimated by a licensed pathologist. For a single patient at every time point, eight slides were analyzed. To evaluate the extent of changes, a scale ranging from 0 to 4 (0-no change, 1-weak, 2-moderate, 3-marked, and 4-very marked change) was applied. Separate estimations were performed for the intima, the media, and the adventitia. In the intima, the integrity of the endothelial lining and of the structure of the subendothelial basement membrane (BM) was evaluated (0-com-plete or almost complete preservation of the endothelium and BM, 1-preservation of the endothelium and BM more than 50%, 2-preservation of the endothelium and BM more than 25%, 3-preservation of the endothelium and BM less than 25%, and 4-lack of the endothelium and marked BM degenerative changes). In the media and the adventitia, degenerative changes in the connective and muscle tissues were graded from 0 to 4 (0-no changes, 1-weak, 2-moderate, 3-marked, and 4-very marked changes). Evaluation was performed in a blinded fashion, that is, the pathologist conducted the grading being unaware of the coding of the specimens. The obtained scores were summed and used for statistical analysis.
IMMUNOHISTOCHEMISTry
The 3-µm-thick paraffin sections mounted on poly-l-lysine-coated SuperFrost slides (Menzel-gläser, germany) were deparaffinized and rehydrated. Peroxidase activity was blocked by 0.6% H 2 O 2 (Fluka, France) in methanol (Merck, germany). Subsequently, the sections were washed in tap water and in PBS (pH = 7.4) for 10 min, treated with normal 1.5% goat serum (gibco, Invitrogen Corporation, USA) for 20 min at room temperature, and incubated with the primary antibody anti-eNOS (ab 91205, abcam) diluted 1:200 overnight at 4°C. On the next day, the sections were washed in PBS and incubated with the secondary antibody (VECTASTAIN ABC Universal Kit, Burlingame, USA) for 30 min at room temperature and then with the VECTASTAIN ABC-AP reagent for 30 min at room temperature. The sections were washed twice with PBS for 5 min. Peroxidatic activity was detected with DAB (Vector, USA) applied for 5 min at room temperature. Thereafter, the sections were rinsed, dehydrated, and mounted with Eukitt (Fluka, Switzerland). The eNOS labeling was expressed by a subjective scale ranging from 0 to 3 (0-no staining, 1-weak, 2-moderate, and 3-strong staining). Two independent observers performed the evaluation in a blinded fashion; the obtained scores were averaged and used for statistical analysis. Immunohistochemistry negative controls were performed by omitting the primary antibody.
Statistical analysis was carried out using the commercial program InStat (graphPad Software Inc). The Kruskal-Wallis Test (nonparametric analysis of variance (ANOVA)) was applied followed by Dunn's multiple comparisons test.
rESULTS

STrUCTUrAL CHANgES IN THE VEIN WALL
Among the five tested preservation solutions, formalin is known to well infiltrate and fix large specimens; therefore, it was used in this study as the reference solution. For all tested vein preservation times, formalin yielded score 0, that is, there were no significant patho-morphological changes in the structure of vein wall regardless of the preservation time (Fig. 1) . Out of the four other preservation solutions, ISHA and PBS showed similar high scores, indicating significant morphological changes, which increased over the preservation time. On the contrary, the structure of the veins preserved with glutaraldehyde and Custodiol underwent less change and the samples stored in these solutions demonstrated low scores throughout the study period. As seen in Fig. 5 , no morphological alterations occurred in the endothelium or in the intima at day 1 in any of the tested preservation solutions. From day 5 to day 35, the score of morphological changes showed a gradual increase. For glutaraldehyde and Custodiol, the score increased relatively slowly from day 5 to day 35. In ISHA and PBS, morphological alterations in the intima occurred much faster and the corresponding scores were high compared to glutaraldehyde and Custodiol (Fig. 5) . No significant differences in the scores were noted when comparing ISHA vs PBS and glutaraldehyde vs Custodiol (Fig. 5) .
EVALUATION OF CHANgES IN THE MEDIA
As seen in Fig. 6 , no structural changes in the media were found at day 1 in any of the tested solutions. At Fig. 1 . Vein specimens stored in 10% formalin forA) 5 days and B) 35 days. regular structure of the vein wall without changes in layers (pathological changes scores in the intima, media, and adventitia were estimated as 0). Hematoxylin-eosin staining. days 5 and 9, very slight changes were seen in the media of the veins in glutaraldehyde and Custodiol, while changes became more pronounced only from day 14 to day 35. ISHA and PBS showed clear changes at day 5, and the scores increased gradually at the later time points throughout the study period. The corresponding scores were high compared to glutaraldehyde and Custodiol (Fig. 6) . When comparing ISHA and PBS, the former showed low scores at day 5, but no significant differences were noted at the later time points. No significant differences in the average scores were found between glutaraldehyde and Custodiol.
EVALUATION OF CHANgES IN THE ADVENTITIA
The veins preserved in PBS showed the highest scores throughout the study; some slight changes in the adventitia were noted already at day 1. No changes were found in the case of ISHA, glutaraldehyde or Custodiol at day 1. In the case of ISHA, the scores were low compared to PBS throughout the study; statistically significant differences were recorded at days 5, 9 and 14 (Fig. 7) . The lowest scores, which were slowly decreasing throughout the study period, were seen for glutaraldehyde and Custodiol. Differences from ISHA and PBS were statistically significant at days 5, 9, 14, 21, 28, and 35 (Fig. 7) . No significant differences in the average scores were found between glutaraldehyde and Custodiol.
EVALUATION OF IMMUNOHISTOCHEMICAL STUDIES OF ENOS
Immunohistochemical studies of eNOS performed at days 1, 14, and 35 demonstrated very weak immunostaining of endothelial cells in formalin with no detectable staining at day 35 (Fig. 8) . At day 1, the strongest eNOS staining was seen in PBS and ISHA, while staining in glutaraldehyde and Custodiol was moderate (Fig. 8) . At day 14, eNOS staining declined in all groups. The most dramatic decrease was seen in PBS, while changes in the other groups were less marked. Immunostaining was the most expressed in ISHA and glutaraldehyde compared to formalin and PBS (Fig. 8) . At day 35, eNOS staining was further decreased in all groups except ISHA (Figs. 4 and 8) . In this group, eNOS staining did not show significant changes in comparison with the situation at day 14. The low scores of eNOS staining at day 35 were recorded for PBS and glutaraldehyde (Fig. 8) .
DISCUSSION
As expected, 10% formalin as a widely known fixative preserved well all structures of the vein specimens with no evident morphological changes throughout the testing period. However, it has to be emphasized that the use of formalin in the clinical situation is complicated since it is recognized as a human carcinogen (12) . Furthermore, eNOS expression in the formalin-pre- served samples was very weak at days 1 and 14 and absent at day 35, indicating that under the current experimental conditions formalin may not necessarily retain the functional capacity of the endothelium. Also, formaldehyde may mask the epitopes to which eNOS antibodies bind, resulting in very weak immunostaining.
PBS turned out to be the poorest of the tested solutions in terms of preserving the morphology of vein wall structure. The structure of vein wall stored in PBS was almost intact at day 1; however, starting from day 5, obvious alterations in the structure were seen in all vein wall tunics. Also, eNOS immunostaining underwent clear changes from moderate staining at day 1 to very weak staining at days 14 and 35, which is supportive of significant loss of endothelial functionality.
In a recent literature survey of vein graft preservation solutions (13) , it was shown that 0.9% saline solution can be harmful for the endothelium. Therefore, saline solution may not be the best even for intraoperational graft storage (14) . At the same time, several clinical studies have reported reasonable outcome of bypass operations where venous allografts were stored at +4°C in 0.9% saline solution containing antibiotics (2, (15) (16) (17) . In our study, the storage of the vein specimens in ISHA which also contained, in addition to 0.9% saline solution, heparin and antibiotics yielded results similar to those obtained with PBS, especially at the later time points. Although the average scores of vein wall changes for ISHA were slightly lower compared to the scores for PBS at days 5 and 9, these differences more or less leveled out at later time points. Thus, it seems that ISHA has a slight advantage over PBS in preserving morphology during short-term storage of vein specimens. However, the most striking difference was seen in the immunostaining of eNOS: when for PBS it was very weak at days 14 and 35, then for ISHA it was quite similar at days 14 and 35 to that recorded at day 1, which may reflect the possible retention of vein wall functionality.
Both glutaraldehyde and Custodiol preserved the structure of veins significantly better than ISHA or PBS. For glutaraldehyde, good preservation of vein morphology can be expected as this solution is widely used for sterilization and preservation. glutaraldehyde-stabilized umbilical veins have been used as a biological alternative to autologous vein for lower limb revascularization for decades with favorable results (18) (19) (20) . It is suggested that glutaraldehyde diminishes allograft rejection, masking the histocompatibility of the antigen sites, which results in low rate of biodegeneration of glutaraldehyde-stabilized veins (20) . Hence, in our study, the relatively weaker expression of eNOS in the vein samples stored in glutaraldehyde, compared to PBS and ISHA, can be also explained by the effect of glutaraldehyde to mask the epitopes for binding antibodies.
Custodiol, or HTK, or Bretschneider's solution was primarily designed for preserving donor organs in hypothermic conditions prior to transplantation. Custodiol cardioplegia has been particularly attractive for cardiac surgery in providing myocardial protection (21) . As Custodiol is aimed for organ function inactivation, it is not surprising that this solution preserved well the vein sample morphology in our study. For all vein wall layers, the average grades of morphological changes were similar to the corresponding grades of glutaraldehyde. Custodiol has been shown to preserve vein endothelial integrity for up to 5 days, differently from 0.9% saline solution and the formalin control groups (9) . Also in our study, very low grades of endothelial (intimal) damage were seen, when vein samples were stored up to day 9; thereafter, the grades started slowly to increase up to the end of the study. The expression of eNOS in samples preserved in Custodiol was slightly stronger in comparison with glutaraldehyde, but compared with ISHA relatively weaker eNOS staining was seen. Thus, it can be speculated that ISHA may have an advantage over Custodiol in retaining vein wall functionality despite poorer morphology preservation. However, as a limitation of the given experiment, it has to be emphasized that it is an in vitro study which does not mimic in vivo conditions. As a next step, further animal experiments are required for proper in vivo testing of the behavior of these long-term preserved vein grafts.
In conclusion, our morphological study comparing different solutions for prolonged cold storage of saphenous veins demonstrated that PBS was the poorest in preserving vein wall structure. ISHA had only a slight advantage over PBS in preserving vein wall morphology in short-term storage, but was the best of the tested solutions in possible vein wall functionality retention, as indicated by the highest scores of eNOS staining at day 35. Although Custodiol and glutaraldehyde were superior to PBS and ISHA in preserving the morphology of vein wall, ISHA retained eNOS expression better. Thus, despite the fact that ISHA may not be the best to preserve vein wall structure, it seems to have the best potential in maintaining the functional capacity of vein wall. Based on a previous study, the authors recommend ISHA for preserving venous allografts, with a maximum storage time of up to 3 weeks. However, more extensive functionality studies are required to verify this speculation.
